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ABSTRACT

This thesis is focused on the analysis of protejoression profiles from the airways of sarcoidosis
patients using quantitative proteomics. Sarcoidisstsmultisystemic inflammatory disorder of unkmow
etiology characterized by the presence of noncasegranulomas in the affected organs. Previous
findings in proteomics have reported identificatimfnseveral proteins that certainly reflect the @ing
inflammation response but that did not have angifipiy for sarcoidosis disease. The overall aifm o
these studies was therefore to continue searchingiéw protein candidates that could help us to
determine the possible mechanisms behind sarceidosi

We first investigated the total protein profiletire lung lumen from two granulomatous disorders,
sarcoidosis (HLA-DRB1*15 positive), characterizeml fgresent an unresolved chronic inflammation
disease and chronic beryllium disease (CBD) byectifig the bronchoalveolar soluble proteins and
applying differential gel electrophoresis (DIGEupted to mass spectrometry (M@aper 1) This led to
the identification of fourteen proteins with altgrprofiles, some of these related to inflammatio?- (
microglobulin, annexin Il, complement C3, apolipojgin Al, IgG kappa chain and heat shock protein
70) and the oxidative response (peroxiredoxin Bpdpexin, 1-antitrypsin and superoxide dismutase),
hence reflecting the persistent inflammation stateose granulomatous diseases.

Gel-based 2DE techniques have been claimed to tedialsle in quantitative proteomics. The
introduction of differential gel electrophore$BIGE) in 2DE approches has greatly improves gel-to-
gel variation and the reproducibility; however, etlsources of variance have been highlighted. In a
2D experimental-related study, we investigateddifierent sources of variance that were intrinsic t
gel-based proteomics. We measured the technicialnear related to background subtraction algorithms
[4-8%)] and the experimental variance related tolfhend 2° dimension of 2DE workflow (~30%). In
addition, we reported the improvement of tffegéneration image software program SameSHdits
terms of reduced levels of variance introduced fitzankground algorithms, higher levels of accurate
spot-matching and most importantly an improved ctiyéy of the analysigpaper II).

To further evaluate the protein changes in sar@gdee investigated the protein profiles from
purified alveolar macrophages (AM). With the infentto improve both the protein resolution we
applied two complementary proteomic approachest,Ftl soluble AM proteins were resolved using
the DIGE techniquépaper IIl). Second all membrane-associated proteins (MAPg ween identified
and quantified using the shotgun proteomic, liqehdomatography couple to mass spectrometry LC-
MS/MS approachpaper 1V).We found similar results from these parallel stgdiincluding several
pathways altered in sarcoidosisapers Il & IV). In addition, by applying multivariate regression
analysis we could also identify a robust model waitbet of 13 proteins able to discriminate sarc&lo
from the healthy groufpaper IV)

Taken together, improvements in gel-based imagivaod and clinical sample pre-treatment
allow more accurate and quantitative analysis,al@wg deeper insight into the proteome. The biaabi
findings presented in this thesis give new per$pesin understanding AM and their role in sarcsido

disease as well as the possibility to search featie biomarkers.
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1 INTRODUCTION

1.1 THE LUNGS

The primary function of the respiratory systemasstipply the body with oxygen and
to exchange and exhale carbon dioxide from thedokystem by passive diffusion at
the alveolar levels. The respiratory system canabatomically divided into the

proximal conducting airways and the distal respmatregion (i.e. alveolar ducts and
alveolar airsacs). The average adult's lungs aomtiaout 600 million alveoli that are
surrounded by capillaries. The inhaled oxygen [zasge the alveoli and then diffuses
through the capillaries into the arterial blood. aiienhile, the blood from the veins
releases its carbon dioxide into the alveoli.
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Figure 1. lllustration of the anatomic Lung struetu

1.2 INNATE IMMUNITY

The innate immune system is our first line of deteagainst invading organisms. The
process of phagocytosis involves a variety of remspand here | briefly present three
of main systems: the Feeceptors, the complement receptors, and Tollfgaeptors
relevant for optimal initiation of innate responses

1.2.1 Fc receptors

Immunoglobulin Fc receptors (FCRs) play a crucialerin immune defense by
providing a link between antibody—antigen compleaed cellular phagocyte effector
machinery. Antibody opsonization is the processugh which a pathogen is marked
for ingestion and destruction by AMs or other phlages. Binding of immune-

complexes to FcRs activates effector cells leathnghagocytosis, endocytosis of 19G-



opsonized particles, the release of inflammatorydiaters and antibody-dependent
cellular cytotoxicity”™. FcRs have been described for all classes of inaglohuling;
herein | only focus on F®& since it is relevant in the studies performethin thesis.
Three subclasses of receptors (A,B and C) are krfowRc RI and FcRIl, and two
subclasses A and B are described forRftt”. All Fc receptors have high degrees of
sequence identity but differ significantly in theiytoplasmic domaifiswhich are
decisive in directing downstream cellular signaling

1.2.2 Complement receptors

The complement system encompasses a biochemicehdsasvhich promotes the
ability of IgG antibodies to clear pathogens. Pliytjo cells have a receptor for
complement component such as C3b. Binding of C3lbecbbacteria to this receptor
results in enhanced phagocytosis and stimulatidheofespiratory burst. Activation of
the complement cascade promotes clearance of ddkdor antibody complexes.
These complement components are deposited on liheudace of the pathogen and
aid in its destructiofi?

1.2.3 Toll-like receptors

Phagocytes have a variety of Toll-like receptorsR3) which are a class of Pattern
Recognition Receptors (PRRs) able to recognizedbtbeee-dimensional molecular
patterns termed PAMPs (pathogen-associated motequddéterns) on infectious
agent$>*> PAMP structures recognized by TLRs include lipigsoproteins, proteins
and nucleic acids derived from a wide range of afies for instance bacteria, viruses
and parasites. The TLRs are divided into two ssbsejpending on their cellular
localization and the specificity of their PAMP regodtion. The first group TLRs are
expressed on cell surfaces and comprise of TLRRZTLTLR4, TLR5, TLR6 and
TLR11, those primarily recognizing microbial memtacomponenté*®’ The other
group TLRs are expressed on intracellular vesi@edoplasmic reticulum, endosomes,
and lysosomes) and includes TLR3, TLR7, TLR8 andRJLrecognizing microbial
nucleic acid¥®? Binding of these exogenous agents via Toll-ligeeptors results in
activation of phagocytosis, the respiratory burmstl dhe release of inflammatory
cytokines such as IL-1, TNF-alpha and IL-6 by thagocyte¥

1.2.4 Macrophages

The mononuclear phagocytic system consists of bloeohocytes and tissue
macrophages. Monocytes circulate in the blood fpr to 48 hours, whereas
macrophages have a longer life span, about 90 dagsdisplay a wide heterogeneity
of activities. AMs represent the initial line of gbection against inhaled
microorganisms, and other toxins agents. They espee broad range of plasma
membrane receptors which mediate interaction withrourganisms based on the
recognition of conserved PAMP$? PAMP recognition leads to activation of
intracellular signaling cascades and ultimatelyltesin a pro-inflammatory response
and further activation of both the innate and aslegmmune systeni Indeed, AMs
play a role in the induction and regulation of atl@pimmune responsg&s e.g. they
work as competent antigen presenting cells (APC#)e lung® and have been linked
to the pathogenesis of multiple lung diseases asd®OPD and sarcoido<ig>



1.2.5 Neutrophils

Neutrophils, also known as granulocytes, are essé@mihost defense against microbial
pathogen®. They constantly circulate in the blood and amuiged to the infection
site by gradient of chemokines (complement Cb5a iatetleukin-8) and recognize
pathogens using TLRs. Upon activation neutrophitedpce superoxide anion (@),
hydrogen peroxide (H202) and other reactive oxygpecies (ROS) together with
microbicidial peptides and proteases.

1.2.6 Dendritic cells

Dendritic cells (DC) are bone-marrow-derived lewytes present in most tissues and
mainly in the epithelium (known as Langerhans elliey are one link between the
innate and adaptive systems. DCs are specializétsABpable of stimulating primary

T-cell response to specific antigens. The main tfancof DCs is to phagocytose

pathogens, migrate to peripheral lymph nodes aeslept pathogen antigens to T-cells
using the MHC 1l molecules.

1.3 ADAPTIVE IMMUNITY

The adaptive immune response is antigen-specific camplementary to the innate
response. It is active approximately after 4 ta$sdof an infection. Although this may
seem as a slow response, it is specific to thedinggpathogen and very powerful. The
effector cells of the adaptive immune responseudel antigen presenting cells
(macrophages and dendritic cells (DCs)) which ademwith lymphocytes (T and B
lymphocytes). Accordingly, the adaptive responsa ba subdivided into a cell-
mediated immune response (including T lymphocytes APC) and humoral immune
mediated response (including B cells and solubteesed antibodies). T and B cells
work as complementary mechanisms and differ inviag they recognize antigens.
While the B cell-mediated humoral response is ticagainst soluble exogenous
proteins (antigens), T lymphocytes mainly detectgn fragments (peptides) as they
are presented by specialized molecules called miaistocompatibility complex
(MHC).

1.3.1 MHC and antigen presentation

Major histocompatibility complex (MHC) is a largergpmic region on chromosome 6
of about 3.6 Mb (3 600 000 base pairs) including ddnes, where half of them encode
for human leukocyte antigen (HLA) genes. The ctadsMHC molecules are also
referred to as HLA molecules in humans. There e dlasses of MHC molecules,
MHC class- | and class II.

MHC class | molecules are expressed on every riedeeell and has the
function to bind peptides and display them on ttesmpa membrane. MHC | loads
peptides of intracellular origin generated in tmetpasome system. MHC | molecules
consist of a heterodimer polypeptide, thehain and 2-microglobulin. There are three
class | genes (HLA-A, HLA-B, and HLA-C), so it meathat any cell can express at
most 6 different MHC-I molecules. Due to centradl eripheral tolerance mechanisms
cells presenting endogenous proteins will be ighavbereas infected cells containing
foreign proteins will be destroyed. MHC | boundaamicrobial peptide (about 8-10



amino acids), interact with cytotoxic CD8+ T Lymglyte (CTLs) and this lead to cell
destruction. Hence, CTLs are important in cleanmigacellular infections.

MHC class Il molecules are found on professionéigan-presenting cells (APC)
such as macrophages, dendritic cells (DCs), B-aeltsalso activated T cells. They are
specialized to exclusively present exogenous peptid CD4+ T cells. MHC Il is a
heterodimer composed of and a - chain. There are three MHC Il genes used for
antigen presentation; HLA-DP, HLA-DQ, HLA-DR, andd other genes used for
loading antigens on the MHC molecule (HLA-DM, HLACD. The size of the peptide
loaded on the MHC Il molecule is about 13-20 ama&wd. HLA-genes which are
highly polymorphic within a population, have beamkéd to different disorders, for
instance it has been shown that the MHC genesrgreriant to the disease outcome in
sarcoidosis.

1.3.2 Tcells

T lymphocytes play a central role in cell mediatedhunity. They interact with other
cells by using the cell surface T cell receptor R)CThere are several types of T cells
and can be divided based on their specific functibrhelper cells (Th cells), T
regulatory cells (Treg cells) and T cytotoxic c€STLs).

Th-cells also known as CD4+ T-cells help otherscéfirough the release of
cytokines. They are able to assist the maturatioB cells as well as activation of
CTLs and macrophages. Depending on the cytokineased they are categorized as
Thl, Th2 and Th17 cells, as well as Treg cells. fdase pro-inflammatory cytokines
including IL-2 and IFN-gamma that activate macray@s thereby increasing the
antimicrobial action, and stimulate the releasdg® important for the opsonisation
and clearance of pathogens. Th2 cytokines inclue IL-5, I1L-10, and IL-13 and
mediate class switching in B cells to IgE productas well as eosinophil activation.
Th1l7 cells are more recently discovered and coresidemportant for various
autoimmune conditions. Treg cells negatively regutdher T cells through the release
of IL-10 and TGF-, and/or through direct cell-cell interaction.

Cytotoxic T cells or killer T cells induce death iafected somatic cells. CTLs
uses T-cell receptors (TCR) and the CD8 receptoretmgnized specific antigens
bound to MHC class | molecules. When exposed tectefl cells, CTLs release
perforin, granulysin and granzymes to disrupt tlesimpa membrane of the target cell
creating pores and allowing serine and cysteineepses to enter the cell, activate the
caspase cascade and lead to programmed cell dieaddition, CTLs also express
FASL that binds to Fas on target cells to inducapapsis.



1.4 SARCOIDOSIS

1.4.1 Epidemiology

Sarcoidosis is a systemic inflammatory diseasenghawn etiology, most commonly
involving the lungs, skin, lymph nodes and eyesc@dosis affects people of all ethnic
groups, often middle-aged adults. The incidencesaifcoidosis varies globally,
probably because of differences in environmentabsures and predisposing genetic
factors such as HLA alleles among others. The Bsighneidence of sarcoidosis has
been observed in northern European countries (&a46s per 100,000 peopfe¥. In
Japan the annual incidence ranges from 1-2 case$0peD00 peopfé. In USA the
incidence among black Americans is about threedimgher than that among white
Americans (35.5 versus 10.9 cases per 100,000 g@&bph Sweden the incidence of
sarcoidosis is about 15-20 per 100,000 individyms year and it usually affects
individuals between the ages of 20-40 year&2okpidemiological studies support the
idea of environmental exposure to be important developing sarcoidosis. Work-
related risks for sarcoidosis for nur&ed and season-related clusteffhg] support a
transmissibility aspect in sarcoidosis.

1.4.2 Etiology

Sarcoidosis has primarily been suspected to befaatious disease. Although there are
studies demonstrating the presence of microbialepr®, or DNA in granuloma of
patients, none has been convincingly proven to dgsative. Studies in Japanese
population have reported the presence of Propiotebam acnes in the
bronchoalveolar lavage of sarcoido&4* as well as in granulomas biopsy samples of
lymph nodes”*® Mycobacterium tuberculosis has also been sugiestea possible
candidaté&"*> Systemic cellular responses to M. tuberculosigeHaeen reported in
sarcoidosi&, and it has recently been reported that alvecleels respond to different
mycobacterial antigefis*® In particular, the mycobacterial mkatG proteiniskhwas
identified in granulomatous tissue of sarcoidosisiemté® has been shown to be
associated with both circulating anti-mKatG antiesdas well as anti-mKatG specific
T cell responses in about 50% of sarcoidosis patferA meta-analysis of biopsies
further support the presence of mycobacterial DNAver 26% of sarcoidosis caes
Additionally, autoimmune reactivity has also beeparted; one study from our own
group demonstrated immune reactivity to the seitgin vimentin in sarcoidosis
patients’.

1.4.3 Genetics

The genetic background is important for the develept of sarcoidosis and also for
the disease outcome. A genome wide scan analydigling 63 German sarcoidosis
families was performed and identified the most pramt peak at the chromosome 6p,
i.e. in the MHC regiott Also, several studies showed associations betsaeoidosis
and various HLA gene polymorphisms. In an Ameristudy, HLA-DRB1*11 and
HLA-DPB1*01 were reported as risk factors for bothck and white Americars In
our own group, we have found HLA-DRB1*03 positivatipnts to associate with a
self-resolving disease within 2 years tithevhereas patients having HLA-DRB1*14
and 15 are instead to associated with a prolongessalved disea3t



In addition to HLA genes, there are other genes dippear as a strong factors for
sarcoidosis, such as annexin A1 as well as other more controversial BTR{:Z

1.4.4 Pathology

A T cell alveolitis is characteristic for sarcoi@gsespecially the increase of CD4+ T-
cells with a subsequently increased CD4/CD8 rafi s specific for sarcoidosts
These immune cells are recruited from the periphbl@od using a chemokines
gradient of among others IP-10 and RANTES beingwshto be highly elevated in
active sarcoidosi& In addition the IL-2 autocrine production is atsghly elevated in
sarcoidosis, leading to further local T-cell prefitior?’. Alveolar macrophages also
accumulate in the lung and have the capacity tatimm as specialized antigen
presenting celf§

The interaction between AM acting as professioméigan presenting cells and
CD4+ T-helper cells leads to an adaptive resporiseaxcharacteristic Thl profile; and
in the lung tissue the formation of noncaseatiranglomas in sarcoido&f<® (figure
2). The formation of granulomas occurs as a resfulin immune response against
unresolved antigen(s) with the aim of limiting arfimation and protecting the
surrounding tissue. A sarcoid granuloma is formgdhe recruitment of macrophages
and primarily CD4+ T-cells but also some CD8+ Ticelre present on the affected
organs. The macrophages aggregate and differentiate epithelioid and
multinucleated giant cells in the core of the gtama that is surrounded by T-
cellsmainly CD4+ T-celf§.

Th1 response

Monocyte/macrophage

Resolution Fibrosis

Figure 2 Schematic view of noncaseating granuloamakpossible outcomes (picture
was taken from Grunewald et.Bpert Review of Clinical immunology



Several cytokines play a role in the pathogenesissarcoidosis. The sarcoid
granulomatous inflammation is characterized by aami expression of Th1l cytokines
such as IFN- and interleukin IL-2"°® One key cytokine for the induction of Thil
response is IL-12 which is secreted by AM and foaleyated in the lungs and lymph
nodes of sarcoidosis patiehitsAfter activation, T-cells release IL-2 that cdimtites to
the proliferation of activated T-cells, as well @#® production IFN- that induces
macrophage activation. IL-12 and IL-18 are als@dased in the lungs of sarcoidosis
and they further stimulate IFNproductiofi®’® Tumor necrosis factor (TNF) plays a
major role in the formation and maintenance of ghenulomd. In sarcoidosis the
spontaneous release of the cytokines T\NF=-1 by activated AM is apparefit The
granulomas get either self-resolved or remain ie tissue with a persistent
inflammatory milieu. The mechanism(s) that resnltprogression to chronic disease
and fibrosis are unclear but may be linked to basteptibility and genetic factors.

1.4.5 Diagnosis

There is no single diagnostic marker for sarcoglasi the hallmark of the disease, the
epithelioid granuloma formation, is unspecific. Tdiagnosis is based on a combined
evaluation of clinical symptoms, chest radiogragimdings, noncaseating granulomas
proven in tissue biopsies, and pulmonary functiest.tThe evaluation should be in
concordance with the WASOG statement on sarcoffoffishere is a CD4/CD8 T-cell
ratio >3.5 in bronchoalveolar lavage fluid this Iwslupport the diagnosis. BALF
findings will also be helpful in discriminating saidosis from other inflammatory lung
diseas®. HLA genotyping may be valuable in predicting theognosis of the disorder
as HLA-DRB1*03 strongly associates with good pragisld whereas HLA-DRB1*14
and-*15 often associates with prolonged diseasesedt’

Chest radiographic findings have been used ford#scas a means of classifying
sarcoidosis patients (Table I)

Table I: Radiological stage for diagnosis of satosis

Stage Finding
0 Normal lungs
| Bilateral hilar lymphadenopathy (BHL)
Il BHL + parenchymal infiltration
11} Parenchymal infiltrates without BHL
v Signs of fibrosis with volume reduction

1.4.6 Lofgren’s and non-Lofgren’s sarcoidosis patie nts

Lung sarcoidosis patients can be sub-divided intsé with Lofgren’s syndrome and
those without Lofgren’s. Patients with Lofgren’sndyome have an acute onset with
erythema nodosum and/or bilateral ankle arthriieyer and bilateral hilar

lymphadenopathy with or without parenchymal infites (stage | or Il), and usually
resolve spontaneously within a two-year peffdll The non-Léfgren’s patients have a
more insidious disease onset with unproductive kputyspnea, fatigue and later

weight-loss. They commonly have radiological lutgmges classified as stage (lI-1V)
28,35,77



1.5 PROTEOMICS

Quantitative proteomics is the field of global giotidentification and quantification
from complex samples such as cells, tissues aner diiological material, where
several complementary strategies are available ytodBwo-dimensional gel
electrophoresis (2DE) is a method that has beemhsisee 1975 to resolve hundreds of
proteins simultaneously. The other complementachrigue is a gel-free approach
termed ‘shotgun proteomics’ that uses multidimeamsioliquid chromatography
coupled to tandem mass spectrometry. This is atewk as bottom-up proteomics
approach since the protein identification and gtieation is performed at the peptide
level.

1.5.1 Two-dimensional gel electrophoresis (2DE)

Complex protein samples can be separated usingt@@tique, whereby hundreds of
proteins may be resolved in a single experimerthcdigh 2DE has been used since the
1970s it is still a powerful method, especially tbe analysis of Post-Translational
Modifications (PTMs}®. 2DE in quantitative proteomic provides a compnsiee view
of a proteome state where alteration in proteireligvsplicing and PTMs can be
investigated’®. 2DE allows protein separation of complex samplesording to their
net charge (isoelectric point) and molecular weigfging immobilized pH gradient
strips all proteins are separated (focused) inectrec field according to the isoelectric
point®.

The used of 2DE in quantitative proteomics has based to the study
differences in protein patterns of whole proteontémwever quantification has been
hampered by intrinsic factors related to the 2DEhmégue such as the low
reproducibility due to gel-to-gel variation (up 30% variance). In addition, the silver
staining normally used to visualize proteins is Boitable for quantitative analysis
since it has relative low dynamic range of two osdef magnitude and inappropriate
for biological sample. Taken together, these factmve made 2DE unsuitable for
accurate quantification analysis until the endvegrity century when a new approach,
the Differential Gel Electrophoresis (DIGE), witlgsificant improvements became
available. DIGE is the gel-based approach useddimble quantification of intact
proteins and has been available since 20ahe detection limit of the DIGE approach
is in the range of 150-500pg with linear signalrdieair orders of magnitude of protein
concentratiort. Besides the high dynamic range of DIGE the inintidn of internal
standards used for normalization was the most itapbrimprovement in order to
perform reliable quantitative expression analysisgigel-based proteomfé§*

1.5.2 Mass Spectrometry

Mass spectrometry (MS) is a technique that measasses of charged peptides with
the aim to determine the peptide mass followingntifieation. The principle in mass
spectrometry is based on the ionization of molec(@eptides) to be able to measure
their mass-to-charge ratios. Matrix-assisted L&esorption lonization (MALDI)*®
and electrospray ionization (ESf) are central for protein ionization in MS and their
development led to award of the Nobel prize in dsémin 2002. Using the MALDI
technique, as in our study, the trypsin digesteptiges are mixed with a matrix
(MALDI) that is a low molecular weight that co-ctgézes and become irradiated with



a laser beam of appropriate wavelength. Here matiiiimes and leaves the peptides
in gas phase. The analytes undergo molecule collend become often single charged
protonated H+ and are then accelerated into the Vvaguum mass analyzer, Time of
Flight (ToFJ’ to finally reach a detector which measure the ioasses (see Figure 3).
The MS data are obtained as a peptide mass fingegata (PMF) from individual
proteins. The PMF is then compared with the ircailitheoretical) protein cleavage
products for the corresponding protein sequencairsdd from a protein database e.g.
the National Center for Biotechnology InformatiocdviGBInr) for protein identification.

Electric field Time of flight
L
T el e
» - L] [ =
i 1"
I 11 1in|
Matrix + analyte High vacuum system

Figure 3. MALDI-ToF (Matrix-assisted Laser Desooptilonization time of flight)

The mechanism of MALDI-ToF technique consists oééhbasic steps:

() Formation of a “matrix-analyte cake”: The matis always in excess to
keep the analytes isolated from each-other.

(i) Analyte in gas phase: The laser causes exmitao that the analyte and
matrix is ejected from the metal surface into ths-ghase.

(iii) Analyte lonisation: The photo-excited matmmolecules transfer protons

to the analyte and create ions (mostly positivegdd). The ions fly into
the vacuum system time-of-flight device (TOF), dhdir masses (m/z)
are measured.

1.5.3 Tandem Mass spectrometry LC-MS/MS

Tandem mass spectrometry (MS/MS) appeared in thly €900s and was a
breakthrough for protein identification in protea@si These techniques also known as
bottom-up proteomics or shotgun proteomics are a#ernatives becoming more
widely used to perform differential proteomics wittie advantage to obtain huge
amount daf¥. In these approaches the total protein contesolisbilized and usually
trypsin-digested into peptides named as precuws. iThis complex peptide soup
created is then subjected to nano-scale Liquido@htography to allow optimal
peptide resolution for identification thousandpmiteing®.

The peptides are first separated on the basis lativee hydrophobicity using
reverse phase C18 column chromatography. NexharMS-mode the precursor ions
get first resolved and then selected for furthagifinentation using collision-induced
dissociation energy (CID) and inert gas. The enengglied here is enough to break
peptide bonds (weakest bond) and at the same t@kicient to create peptide
fragments of different lengths. One peptide fragm@nsequence yields enough



information to match it to a peptide sequence ipr@ein database on the basis of
observed and expected fragmentation §6riEhe strength of tandem MS is that many
identified proteins will have multiple matches ofSKMS-derived sequences. The
Orbitrap MS, being used in our study (paper IV)the latest technology for tandem
MS. This employs a new physical principle, namedpagating ions in an oscillating

electric field, and gives greater proteomic coverdge to their much higher resolution,
thus being ideal for quantificatiSi®

1.5.4 Isotope Tags for relative and absolute quanti  fication

Global protein quantification can be performed gsanpeptide-labeling approach. One
of the most robust approach available today fotigepgabeling techniques is Isotope
Tags for Relative and Absolute Quantification (iTRR' which requires tandem MS.
An advantage is that iTRAQ labels all peptideatN-terminal and at lysine residues,
and allows use of 8-plex to simultaneously ana8/aadividual samples in one LC-MS
analysis. As these tags are isobaric, in the MSaribé precursor-ions from eight
differentially labeled samples appear as a singékhus allowing joint identification.
Subsequently, in the MS/MS-mode the precursor-iares fragmented into number
peptides with different mass to be used for prosgguence analysis. Furthermore,
single charged reporter ions 113-119 and 121 Daedeased and located at regions of
the mass spectra that do not contain informatioth@fpeptide sequencing (at the 110-
130 m/z) which can be used for relative quantitatio

1.5.5 Multivariate Analysis

Multivariate statistical analysis is a group of hwets used to reduce the dimensionality
of the data, and is very useful in omics methodsrevlihe large number of variables
tested at ones poses the risk of high false pesitates when using traditional
univariate methods such as t-tests. Principal compioanalysis PCA was invented in
1901 by Karl Pearson K&fl This is an unsupervised method that involves a
mathematical transformation to convert a set oeolaions and correlated variables
into a set of principal componetits

Partial least squares (PLS) also known as projediiolatent structures was
developed in 1960 by Sture W3dPLS regression is a supervised multivariate ntetho
for assessing relationships between two set obbkas; the effector variables (matrix
X) and the response variable Y. In our studies Xhmatrix was conformed of all
proteins identified in proteomics and the Y vamablas the diagnosis (healthy or
sarcoidosis). PLS-regression is particularly suivdten the matrix of predictors has
more variables than observations, and when theremaiti-collinearities among X
variables with emphasis on predicting the response.

The orthogonal PLS (OPLS) method is a recent nuadibn of the PLS method
developed by Johan Trygg and Svante \RP0lOPLS separates the systematic variation
of X matrix into two parts, one that is relatedMevariable and one that is unrelated
(orthogonal) to Y variable. This partitioning ofettX-data provides improved model
transparency and interpretability, but does nohgbahe predictive power.

10



2 CURRENT INVESTIGATION

2.1 AIMS OF THE THESIS

The overall aim of this thesis was to investigdterations in protein profiles and to
discover specific diagnostic markers for pulmonsaycoidosis by applying different
proteomics techniques. Thereby biological mechasmismlated to sarcoidosis
pathogenesis would be elucidated.

The specific aims of individual sections were:

l. to characterize protein expression profiles in bhaalveolar lavage fluids
from patients with two granulomatous disordersc@dosis patients (HLA-
DRB1*15 positive) and chronic beryllium disease.

Il. to quantify different sources of variance related®DE techniques and to
validate the levels of objectivity from the 4th gestion image analysis
software SameSpotsTM.

[l to further elucidate new proteins and mechanismking sarcoidosis by
studying alveolar macrophages using complementelpased DIGE and
gel-free LCMS/MS proteomics approaches.

11



2.2 COMMENTS ON METHODOLOGIES

2.2.1 Patient data and sampling collection

In the present thesis the experimental work waedas human clinical samples
including proteins from bronchoalveolar lavage djiisolated alveolar macrophages
and sera from sarcoidosis patients, chronic baryllidisease patients and healthy
controls, respectively.

Sarcoidosis patients

All sarcoidosis patients were investigated follogvia strict protocol at the department
of respiratory Medicine at Karolinska University $fital, Stockholm, Sweden. The
diagnosis and disease phenotype was assessed aordamce with the World
Association of Sarcoidosis and Other Granulomattissrders (WASOG) criteri&’.
Thus the patients had symptom (see 1.4.6) chesigraghic and, pulmonary function
tests compatible with sarcoidosis. In addition, BAlfindings can support the
diagnosis. Furthermore, the patients were genotgpesdssment of HLA class Il (paper
). In papers Il and IV the sarcoidosis patientsrevalso classified according to the
presence or absence of Lofgren’s syndrome. Lofgrgymdrome is common (>30%) in
sarcoidosis patients with Caucasians orijifFour patients had Lofgren’s syndrome
and four were classified as non-Lofgren. Additibnall8 Lofgren’s and 18 non-
Lofgren’s patients were recruited for ELISA validat At the time of bronchoscopy
all patients had active disease and did not re@iyesteroid treatment.

Chronic Beryllium Disease patients

BAL samples from five CBD patients were recruitpdger 1) from the National Jewish
Medical and Research Center, Denver, USA. The dsigrhwas established by using
defined criteria including a history of berylliumposure, presence of a positive blood
BeLPT-test’ (Berylium Lymphocyte Proliferation test), the pemce of
granulomatous formation and/or mononuclear ceiltiafion in lung biopsie¥.

Healthy Controls

All healthy controls recruited were never-smokerd had normal pulmonary function
test and chest radiography. Paper | included 5Sthhealubjects, papers Il and Il 7
subjects each and paper IV six subjects. In addifid healthy subjects were added for
ELISA to validate the results. All subjects had®free from airway infections at least
four weeks prior to investigation. Informed consewtere obtained, and all studies
were approved by the local Ethics committee.

2.2.2 Bronchoscopy

BAL samples were obtained using a standardizedchastopy procedure performed
at Karolinska University Hospital, Stockholm, Swetle BAL samples from CBD
patients were obtained at the National Jewish Mgdiod Research Center, Denver,
CO, USA. Briefly, a bronchoscope was inserted thtoright middle lobe under local
nasobronchial anaesthesia. Aliquots (5 x 50 mBtefile saline solution at 37°C were
instilled. The fluid was then gently recovered Bpigation into a siliconized bottle and
kept at 4°C. BAL samples were filtered to removbreusing a Dracon net (Miipore,
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Ireand) and then centrifuged to separate BAL ogdpers I, 1ll, & 1IV) from the
supernatant soluble proteins (paper 1) (figureGBll pellets were suspended in PBS
buffer to determine cell viability (using trypanubl exclusion) and to do differential
cell counting.

ichoalveolar
vage fluid

Percoll Gradient
AMs

% Protein fractions

Membrane associated
proteins

U 1

2D-DIGE LC-MS

Figure 4. Workflow of clinical sample used in thedies

2.2.3 BAL fluid concentration (paper I)

In order to use BAL soluble proteins in 2DE anady§eaper 1), desalting and protein
concentration was required. For this purpose Amithma® (Millipore, Bedford,
USA) centrifugal filters with an exclusion filteuoff of >5000 Da were used. First,
aliquots of 15ml were centrifuged using Amicon Blr 10 (45 min at 4000g). Further
BAL concentration was performed with Amicon Ultra&&nl devices (70 min, 4000g).
Finally, BAL samples were desalted and concentrated 50 ml to a final volume of
100ul. Protein concentration determination wasgeeréd prior to 2DE.

2.2.4 Alveolar macrophage (papers Il & 1V)

Immune cells from the BAL fluid were collected thgh centrifugation. AMs were
then isolated using a PercollTM density gradierf (@ealthcare Uppsala, Sweden). A
two-phase gradient solution with density= 1.062 g/ml, and 2= 1.08 g/ml was
created in 5ml polyprolylene tubes. Samples werglgdayered on the top of the
system and cells separated through centrifugattoxg for 20 min) with a recovery
of >80% and purity of 89.4 +4.2%. Cells were susigehin RPMI/10% DMSO and
store at -70°C.

2.2.5 Microsomal preparation (papers Il, 111, 1V)

Cell pellets containing >4x106 AMs were suspendedlimL 0.1 M potassium
phosphate buffer, pH 7.4, 0.25 M sucrose and pseteahibitors (Complete Mini,
Roche Diagnostics). The homogenate was sonicatedgip sonicator, power: 30%,
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Bandelin Sonopuls, Buch & Holm) for 4 x 10 secowmasice. A centrifugation was
performed at 10000 rpm at 4°C for 10 minutes arel gkllet was discarded. The
protein suspensions were then centrifuged at 1@>0@ at 4°C for 1 hour. The
resulting supernatants containing soluble proteiese stored at -20°C and the pellets
were suspended in 500 2.5 M NaBr for 45 min on ice with shaking. Anothe
centrifugation was performed at 4°C for 1 hour @0 D00 x g. The supernatant
containing membrane-associated proteins (MAPs) dhe pellets containing
microsomes were stored separately at -20°C umtiid¢u analysis.

2.2.6 Differential Gel Electrophoresis (papers I, | [ &1ll)

DIGE utilizes three fluorescent Dyes (Cy2, Cy3, db) that covalently bind to
Lysine residues on intact proteins using NHS edtemistry (figure 5). Proteins from
three samples can be labeled and run simultaneousiye 2DE gel. Classically, Cy3
and Cy5 are used for sample labeling whereas Cy2ed as an internal stand4fd
These dyes have identical mass (500Da) and chardautthey have distinct emission
spectra that make it possible to discriminate betweeach sample used in
multiplexing. Proteins coordinates in the 2DE gels are the $amel three samples
and emission data can be collected using lasenswarThe protein expression levels
were measured using software analysis Decyder (ppped Samespots (papers Il and

I11).

Sarcoidosis Internal Standard Healthy
Cy3 Cy2 Cy5

Mix labeled samples

2D Electrophoresis

Internal Standard

Pool of aliquots from
all samples

Excitation A Excitation A
550 nm 650 nm

& R

Figure 5. Principle and workflow of DIGE
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Preparative Gels

Deep Purple™ Total Protein Stain (paper I): gelsewl@st fixed overnight (7.5%
acetic acid/10% methanol) and then incubated irkiwgrsolution (Deep purple 1:200
dilution). Gel images were acquired using the Typh®400 laser scanner, with
emission Argon laser (ex = 457nm) and band pass emission filter at 61@iBnm).
Coomassie Brilliant Blue staining (paper 1): Gelsravfixed (50 % ethanol, 10% acetic
acid for 1 hr), and then stained (Coomassie BnillBlue R-250 0.2%, acetic acid 10%,
ethanol 50%) overnight followed by destaining (18éétic acid, 10% ethanol for 6h).

2.2.7 Mass Spectrometry (papers | and 1l1)

Peptides of interest were trypsin-digested priomi@ss spectrometry analysis using
MALDI-ToF. The instrument was calibrated (autodifges tryptic peptides from
trypsin) and individual ions were assigned withuaate masses to obtain peptide mass
fingerprint data (PMF) from individual proteins. dmass spectra were compared with
the protein sequence database National Centendtedbnology information (NCBInr)
having tripsin-digested proteins in silico for mot identification. The statistical
probatl)ti)llity threshold and Z-score are used to dcpegein identification as a correct
match™ .

2.2.8 Peptide labeling iTRAQ (paper IV)

Membrane-associated proteins were solubilized 5960SDS to determine protein
concentrations using the DC protein assay (Bio-Rdmbratories, Hercules, CA, USA).
Samples were then reduced with DTT (final concéintieb mM, 30 min at 56° C) and
alkylated with iodoacetamide (final concentratio@1® M, 30 min, in the dark) before
trypsin digestion. Modified sequencing grade TrgpgPromega, Madison, USA) was
used and the samples were incubated at 37°C owerfigr each sample 20 pg of were
labeled with iITRAQ (8-plex; Applied Biosystems, EarsCity, CA, USA) according to
the experimental design. An internal standard caegmf aliquots from each sample
used was in the study, assuring that all proteiasgnt were represented in the internal
standard. Excess reagent was removed from thegealaple using an SCX-cartridge
(StrataSCX, Phenomenex, Torrence, CA, USA) ancelihate was dried in a vacuum
centrifuge to further fractionate with narrow IPiss.

Peptide fractionation using narrow IPG-strips

A single dimension separation is not enough tolvesthe tens of thousands peptides
presented in these biological samples. Consequeardlyow IPG 3.5-4.5 offline can
lead to successful separation and identificatiomafy proteins in complex samples
192" The integration of narrow IPG-strip and the awtim fractionation into 72
fractions is high reproducible.

2.2.9 LC-MS/MS analyses (paper 1V)

3ul of each fraction sample were injected on thbridyLTQ-Orbitrap Velos mass
spectrometer (Thermo Fischer Scientific, San JdS&). Online reversed-phase nano-
LC at 0.4 pl/min for peptide resolution was perfedwsing Solvent A (3 % ACN, 0.1
% FA); and solvent B (95 % ACN, 0.1 % FA). The dgead created was from 2 % B up
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to 40 % B in 45 min, followed by a steep increas&Q0 % B in 5 min. Samples were
installed onto the nano electrospray ionisationl{N&cquisition proceeded in ~3.5 s
scan cycles, starting by a single full scan MS @0® resolution (profile mode),
followed by two stages of data-dependent tandem(dé8troid mode): the top 5 ions
from the full scan MS were selected firstly forlsabn induced dissociation (CID, at
35 % energy) with MS/MS detection in the ion trapd finally for higher energy
collision dissociation (HCD, at 45 % energy) witlfSRIS detection.
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2.3 RESULTS AND DISCUSSION

The aim of this thesis was to study the proteinresgion in the lungs of sarcoidosis
patients with the purpose of identifying relevandtpins markers that could help to
better understand this disease. Accordingly, previoroteomic studies have reported
the discovery of altered proteins in sarcoidosswelver, the lack of disease-specificity
of these proteins has not allowed the identificatbdisease markers for sarcoidosis.

2.3.1 Paper |

A quantitative proteomic analysis of soluble bravadleolar fluid proteins from
patients with sarcoidosis and chronic berylliumedise (paper 1)

In paper | the aim was to analyze whole proteinresgion profiles from the alveolar
lumen in HLA-DRB1*1501 positive sarcoidosis patenand to compare these to
healthy controls but also to chronic beryllium dise patients which is another
granulomatous disease. Both sarcoidosis and CBIenpmthave several similarities
regarding the immune response including; the goanak formation, infiltration of T-
cells in lung parenchyma, and the characteristit 3hifted immune response in the
lungs®® Sarcoidosis patients with HLA-DRB1*1501 tend tvé a prolonged, chronic
inflammation and are at risk of developing fibrosis

Using two different controls, i.e. CBD and a hegltjroup, we searched for
specific protein markers in sarcoidosis that couddferentiate from other
granulomatous diseases. Aiming at identifying pnstéhat differ between groups, the
Student’s T-test with p < 0.05 was considered gsifsgtant in our analysis and a total
of 14 proteins were identified.

Oxidative Stress and Inflammation response

Oxidative stress is implicated in the pathogenessmarcoidosi$”, CBD'**®and other
respiratory disorders e.g. lung fibrosis, asthnmal ehronic obstructive lung disease
(COPD}*"1% From our results we have identified a set ofginst that correlate to the
anti-oxidative system (peroxiredoxin 5, hemopexid;antitrypsin, and superoxide
dismutase) that are altered in granulomatous diseaBhese proteins have been
reported previously in sarcoidosis and CBB*!'? Scandinavian sarcoidosis patients
(Finland) were shown to have peroxiredoxin V higekpressed in their lunj& The
other altered mechanism was the inflammatory respowhere levels of 2-
microglobulin, annexin 1l, Complement C3, apolipagin Al, IgG kappa chain and
heat shock protein 70 were also found significaaligred.

In summary, the proteins identified reflect an dngo inflammatory
responsE 1211335 well as an up-regulation in oxidative homedstds****in the
lungs of these patients. Another conclusion was tti@type of proteins identified in
BAL samples was mainly high abundant proteins. T&ia frequent problem when
analyzing complex samples with a wide range inginotoncentratioti’**® Therefore,
in the following studies we tried to avoid this ggmple treatment enabling us to target
deeper into the proteome.
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2.3.2 Paperll

In the eye of the beholder: does the master seBdaheeSpots as the novice?

Two-dimensional gel electrophoresis (2DE) has beately used for separation of
complex protein samples and subsequent comparfgmotein profiles. 2DE has been
though disadvantaged in quantitative proteomicsalee of the intrinsic variance
introduced through the workfld®*?°*%! The introduction of internal standard in DIGE
technique, have reduced most of the gel-to-gebwas of 2-DE, thus allowing 2DE
technology to be a robust platform for quantitatpmeteomics®®1?2123 with these
improvements new problems such as software-relad@dnce as well as subjectivity
of the analysis has become more promitf#éfht®and need to be addressed. Although
the background subtraction is meant to allow ma@®ueate protein quantification, it
had been shown that these algorithms introduceiti@uial variance to the analysfé

The aim of this study was to measure software gelaariance from available
background algorithms (average on boundary; AoBRieki on boundary; LoB and
mode of none spot; MoNS) as well as the experinh@atzgance from traditional single
stained technique, respectively. As showed in &gér different variance from
background subtraction algorithms were measuredbrpeed by two independent
users. The default algorithm LoB introduced thestemount of variance (Lab-user:
CVmean=2.5%; Expert: CVmean=3.1%), the algorithmBAshowed (Lab-user:
CVmean=2.8%; Expert: CVmean=3.8%) and finally, sfgorithm MoNS introduced
the highest variance (Lab-user: CVmean=5.5%; Expg&vimean=7.2%). Comparing
these results with early software these varianoesstsignificant improvemerits 22

CV (%)

t t t t
Lab-user Expert Lab-user Expert Lab-user Expert  Lab-user Expert
Software | Technical Healthy | Sarcoidosis

Figure 6: Software, technical and biological vatmmeasured in 2DE

In addition, single-stained gel variance was meabsuas a technical related
variance. For single gels, spot-based ratio noma@tin was used whereas for DIGE
the ratiometric normalization (including an intdrstandard) was applied. As showed
in the figure 6 the normalization method of chdie&l a much larger effect in variance
introduced to the analysis. Finally, we correlategl total spot-volumes identified from
expert and lab-user, using partial least squarésteriit structures (PLS) analysis to see
levels of similarities and objectivity of the ansi. Accordingly, the PLS demonstrates
a strong correlation (correlation coefficients nieat.0) for the contribution of proteins
between the two analyses, showing that the outooimiee analysis is largely user-
independent and highly objective.
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2.3.3 Paper lll

A proteomic approach to study alveolar macrophdga® sarcoidosis patients

Herein we studied alterations in the expressioreltewof AM soluble proteins in
pulmonary sarcoidosis. Using 2DE couple with MS M6IMS we identified a set of
new proteins that were differentially expressed)(p5) in patients with sarcoidosis as
compared to healthy controls (Table II).

Improvements in sample preparation including tidatson of AMs from other
BAL cells*®® and subsequent protein fractionalfdrhas allowed identification of new
set proteins not previously reported in sarcoiddis®

Table 1l
Protein name Analysis Accession(*) Score Theoretical Observed coverage Match
(1) Mw Kda(1) pl(1) Mw Kda(t) pl(1) (%) Peptides

sly 1p MALDI-TOF AAP97146 p <0.0001 70.27 5.6 82 53 12 6
Eph-like Receptor tyrosine kinase MALDI-TOF AAD02030 p <0.0001 111.51 59 103 6.0 12 7
Myeloid differentiation factor 88 MALDI-TOF ~ AAB49961 p=0.0064 33.73 5.6 38 5.3 34 7
Diacylglycerol Kinase isoform1 MALDI-TOF ~ NP_690874 p <0.0001 130.07 59 87 52 9 7
Dipeptidylpeptidase MALDI-TOF  AAQ83119.1 p <0.0001 99.05 6.0 87 6.2 7 5
Zing finger protein isoform 1 MALDI-TOF  NP_991331 p <0.0001  60.49 5.4 88 6.2 19 9
Phospholipase D MALDI-TOF AAA36444 p <0.0001 93.28 59 95 54 9 6
Glutathione synthetase GSH-S MALDI-TOF ~ NP_000169 p=0.0068 52.54 57 78 58 25 10
Vimentin MALDI-TOF AAC05002 p <0.0001 53.69 5.1 55 56 3 16
Rab-11 family interacting protein 1B MALDI-TOF AAQ18786 p <0.0001 137.55 5.3 115 5.2 10 7
OSBP-related protein 1 MALDI-TOF AAG53407 p=0.009 107.13 6.1 98 59 14 9
Adaptor-related protein complex 2 MALDI-TOF AAH06201 p <0.0001 106.59 5.2 110 5.1 11 8
Gelsolin isoform b MALDI-TOF  NP_937895 p <0.0001  80.91 5.6 95 59 22 13
Dynein light chain-A MALDI-TOF AAD44481 p <0.0001 56.89 6.1 58 6.2 12 7
Valosin-containing protein MALDI-TOF ~ NP_009057 p <0.0001  89.99 5.2 94 5.3 19 12
Topoisomerase Ilb MALDI-TOF AAB01982 p=0.009 38.55 51 34 53 3 6
Aldehyde Dehydrogenase 1 MALDI-TOF AAC51652 p <0.0001 55.44 6.3 85 6.7 20 7
Na+/K+ ATPase alpha 1 subunit MALDI-TOF ~ NP_000692 p <0.0001 11419 53 93 51 1 6
Adenylate Kinase 5 MALDI-TOF AAH36666 p=0.0012 63.83 5.0 69 49 14 4
RhoA/RACICDC42 exchange factor MALDI-TOF  AAAH12860 p <0.0001 53.58 53 114 52 22 7
golgi integral membrane protein 4 MALDI-TOF  NP_055313 p <0.0001  81.92 47 87 5.1 18 9
Actin, beta MALDI-TOF/TOF CAA45026 54 41.79 52 43 6.0 5 2
Actin, beta MALDI-TOF/TOF AAH08633 173 41.32 5.6 43 6.1 1" 5
Gamma-interferon thiol reductase MALDI-TOF/TOF AF097362 92 28.5 47 25 55 4 1

Keratin 10, type |, cytoskeletal MALDI-TOF/TOF  KRHUO 173 41.32 5.6 43 6.1 5 3
Vimentin MALDI-TOF/TOF AAA61279 69 53.68 5.0 81 5.1 5 8
Heat Shock 70kDa protein 9 (Mortalin) MALDI-TOF/TOF AAH00478 494 73.68 59 90 57 13 6
VIM (Vimentin) MALDI-TOF/TOF CAG28618 301 53.55 51 81 5.1 14 5
Vimentin MALDI-TOF/TOF AAA61279 557 53.68 5.0 75 4.6 25 8

(*) Abbrevation and accession number to the NCBI database
(t) For MALDI-TOF/MS analysis, ProFound probability and for MALDI-TOF/TOF analysis, MASCOT score is shown.
() Theoretical and experimental values: molecular weight (Vw) and isoelectric point(p/)
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Pathway analysis
We found that the Fcreceptor-mediated phagocytosis in macrophages JpEl-5),
and the clathrin-mediated endocytosis signallingd(P019) were both upregulated in
sarcoidosis. The proteins rabl1, phospholipaseidzyiglycerol kinase, dynein and
gamma interferon lysosome transferase were alseguydated, and they are associated
with Fc receptor-mediated phagocytosis in macrophageser&estudies show the
functionality of these proteins in phagocytd¥id®’ Dynein has been reported to be
involved in internalization of exogenous pathogeénsng macropinocytosi& Gamma
interferon-inducible lysosomal thiol reductase tjgitas found to be, upregulated in
sarcoidosis; it cleaves disulphide-bounds of amggand is implicated in MHC-II
antigen processirty 14

In the clathrin-mediated endocytosis signallinghpaty AP-2, actin and rab-11
were up-regulated: AP-2 is highly active in endoabirafficking involved in MHC
class Il antigen presentatidhand is related to the antigen presenting funatioMs
in sarcoidosi. The Rab family, approximately composed of 70 teelaproteins
identified in humans, regulates steps during menebtaaffic, vesicle formation and
membrane fusiofi>. Rab11l has been reported to be associated withrethyeling
compartment, post-Golgi vesicles, and the trangjiGutwork in early endosomiés
So , the Fc receptors (FAR) play a crucial role in the innate response dkilae
phagocyte effector machinér{* In sarcoidosis, AMs have been shown to be aeivat
antigen-presenting cells able to phagocyte for@gtigens and present epitopes on
HLA-molecules to the T-cells and induce a poteriptide responsé

Multivariate analysis

Multivariate modeling was applied to identify protecandidate markers for
sarcoidosis. When response variable diagnosis veamselated with protein-spot
abundances, we constructed a model able to expBia of the variance with a
predictive power of 41% (R2Y=0.86, Q2=0.41) (figtyxe When using variables
important to the projection (VIP-plot), to rank timeportant variable according to their
contribution to the model; valosin containing photévcp) came out as the most
relevant variable for discriminating between satosis and the healthy group.

Figure 7. Score-plot (left graph) shows the grolustering for sarcoidosis (S1-7) and
healthy (H1-7) respectively. The load-plot (righnpB shows the proteins and their
correlation to the groups. Proteins located atitjig area of the plot correlated directly
with sarcoidosis group, whereas those proteinsedeft area correlated inversely.
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Figure 8: Valosin containing protein upregulate®IGE expression analysis

2DE image analysis revealed valosin contained pprdiecp) to be up-regulated in
sarcoidosis (p=0.007) (figure 8). vcp is involvedseveral relevant functions such as
membrane fusiofi®, regulation of transcriptional activation NBE*® apoptosi¥'’**®
and the proteosomal degradation system (ERRBY >

In summary, we reported here the identificatior26funique proteins from the
AMs altered in sarcoidosis. In the network analyisisproteins were found linked to
the 26s proteasome and the NFkB complex nodes;r8gupated and 3 down regulated
in sarcoidosis. Two pathways associated to phagsisytwere upregulated in
sarcoidosis; the Faeceptor mediated phagocytosis in macrophagesthandathrin-
mediated endocytosis signalling. Additionally, tine regulation of myd 88 and gilt in
AMs from sarcoidosis patients may suggest the plesgiresence microorganism
agents. Myd is in tight connection with TLR sigimadl and gilt strictly specific for
MHC Il antigen processing. These findings represestep forward in understanding
the complexity of sarcoidosis pathogenesis, angd teebetter understand mechanisms
that could be of relevance in the development afwsdosis. Further validation of these
data in larger sample material is required in orlelbe able to suggest them as
potential markers.
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2.3.4 Paper IV

Proteomic analysis of membrane-associated protginalveolar macrophages from
patients with pulmonary sarcoidosis

Results from Paper Il revealed a differential gs@l of soluble proteins from AMs
using the gel-based technique DIGE and highlighiteddiscovery of a new set of 25
proteins and pathway alterations. Several protepstiedies have reported the benefits
in applying sample fractionation prior to expressamalysis in order to reduce protein
complexity and to enable deeper insight into thetgmme for discovery of protein
biomarkers or to identify relevant associated meismas.

In this paper we performed a Shotgun proteomicsogah using LTQ-Orbitrap
Velos mass spectrometer on membrane associateinsrVAP). This new technique
is capable to identify and in a relative way qugntarge numbers of proteins
simultaneously. Accordingly, 1650 proteins werentitfeed from which 423 proteins
(expressed in all samples) have been possible forpe differential analyses using
iITRAQ labeling.

Figure 9. Network analysis showed proteins alténeshrcoidosis linked to the NFkB
complex. Green represents decreased level anchredr@ased level in sarcoidosis. A
total of 31 proteins, 14 up-regulated and 17 doegulated in sarcoidosis were linked
directly or indirectly to NFkB.

22



Pathway analysis:

Mitochondrial dysfunction in Non-L6fgren’s sarcoidosis patients

Ingenuity system analysis permits the charactéoizabf pathway alterations in

sarcoidosis samples. Down- regulation of the oxidgithosphorylation pathway in the
mitochondrial respiration system was observed mtosadosis (p-value 1.02x10-10)
(figure 10). Interestingly, when the patients waub grouped according to their clinical
phenotype into Lofgren’s and non-Lofgren’s, we fduhis pathway up-regulated in
Lofgren’s patients but down-regulated in non-Lofgsepatients.

Figure 10. Mitochondrial dysfunction in the electraransport in Non-Lofgren’s
sarcoidosis patients

Non-Lofgren’s sarcoidosis patients have a tendém@ssociate with unresolved
chronic inflammation, with elevated levels of réaetoxygen species (ROS). They
often present a more advanced radiological staigd/jland have an increased risk of
developing fibrosis.

It is known that excessive levels of ROS caussuéisdamage, and redox
imbalance has also been associated with other lisgase such as, chronic
inflammation in COPE, asthma™3, lung fibrosis and cancé¥’. In sarcoidosis, ROS
species such as superoxide anion in lungs has stmwe highly elevated. Even a
systemic oxidative stress has been reported inqgnany sarcoidosts”

Furthermore, this redox imbalance has been showwgatse mitochondrial
proteins damage leading to increased protein dafjoed and dysfunction in
mitochondria™>**¢ These results suit well with the clinical phematyof these non-
Lofgren’s patients. This down-regulation of oxigati phosphorilation and
mitochondrial dysfunction is correlated to highdewf ROS in lungs; therefore we
suggest that this could be of therapeutic impoda&ince it is known that systemic
steroids do not help in advanced stage of sarasidibsnay be that antioxidant drugs
may help to reduce the chronic inflammation in king
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Up-regulation of the phagocytosis pathways in saredosis

Phagocytosis is complex and comprises among othamt® particle binding, actin
rearrangement, pseudopod extension, membrane irecyrid phagosome closure. In
concordance with the previous study (paper lllyehee also found the up-regulation
of Clathrin-mediated endocytosis signaling in ANMsnh sarcoidosis patients (p-value
9.64x10-9). Clathrin-dependent endocytosis is ags® by which cells internalize
molecules through the inward budding of plasma nramd vesicles containing
proteins with receptor sites specific to the mdiesubeing internalized. This
mechanism is relevant to the MHC Il-peptide meckrati’**® Ingenuity system
showed clathrin-mediated endocytosis signalingeiased levels in sarcoidosis of the
adaptor-related protein (complex 1 beta 1 subuRiLEl; complex 2 alpha 1 subunit,
AP2A1; and complex 2 sigma 1 subunit AP2S1), ment®A&E oncogene family
(RAB11A, RAB4A, RAB4B, RAB5C, RAB7A), clathrin (ligt-chain CLTA, and
heavy-chain CLTC), actin like protein-3; ARP-3,iadbeta, ACTB; and actin alpha,
ACTAL. In addition, heat shock 70kDa protein 8, ABPand transferrin; TF, were
decreased in sarcoidosis.

Additionally, we have also found similar up regidat on the Fc receptor-
mediated phagocytosis in macrophage pathway imisiags (p-value 1.47x10-5) but
in this study with even more proteins identifiedtims pathway. Here nine proteins
were upregulated (Actin alpha-1, ezrin, actin-betetjn related protein-3 homolog,
myosine VA, rab-11, ras-related C3 botulinum togubstrate 1, v-src sarcoma viral
oncogene homolog, talin-1) and two were down-rdgdla(vesicle-associated
membrane protein-3,heme oxigenase-1) in sarcoidosis

Accordingly, these two complementary pathways wgreegulated in both the
Lofgren’s and non-Lofgren’s sarcoidosis patients, raported in paper lll. These
pathways are part of the mechanism that mediatesnalization of pathogens, for
instance bacteria, into membrane-derived vacuaidstlze phagosome system, finally
leading to degradation of pathogens and the prats@mtof specific antigens to
memory T-cells in the lun§sThis results suggest the hypothesis of an infastagent
in sarcoidosis, where AMs as APC constantly phaigocgrocess and present the
antigens T cells in the lungs.

Predictive OPLS model to discriminate sarcoidosisém the healthy group

Using 423 proteins the orthogonal projection terastructures (OPLS) was performed
to identify, if possible, a model able to discrimi@ sarcoidosis patients from healthy
controls. We constructed a model with a subse3oputative biomarker proteins that
resulted in a highly predictive model (Q2 = 0.74)hman overall model p-value of
0.00009 (figure 11).
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Figure 11a.0OPLS Scoring-plot showing group clustem first component t[1]. X-axis
included all subjects (sarcoidosis n=8, and heaitt§) without outliers (x2SD). Figure

11b. Loading-p

lot shows the proteins group thatrdisnate sarcoidosis and healthy.

The plot shows the direct correlated variabless(ladwove zero-level; n=4) and indirect
correlated variables (n=9).
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2.4 GENERAL CONCLUSIONS

This thesis has focused on searching for new mrotdiered in the lung of sarcoidosis
patients using proteomics technologies in ordeintoease the understanding of the
pathology behind the disease. Conclusions canrbensiized as follow:

In the technical study aimed to measure sourceapance in a 2DE approach
we reported improvements in reduced variance inotted to 2DE experiments
from background algorithms; the removal of expentakvariance when using
DIGE approach and overall improvements in the divigg of the analysis
using this 4th generation software analysis softw@ameSpots.

Looking at soluble proteins from the lungs of satosis and CBD patients we
could observe alterations of a set of proteins Wwhit general reflected the
activation of the inflammatory process. The up-fation of complement C3,

2-microglobulin and IgG may indicate a pronouncedamisation mechanism
against microbial pathogens in the innate immursparse. In addition, the
anti-oxidants peroxiredoxin 51-antitrypsin were also up regulated, reflecting
the high levels of reactive oxygen species (ROS)the lungs of these
granulomatous disorders.

By applying complementary proteomic techniques ibfergnt protein fractions from
isolated AMs, we could identify and quantify a nset of proteins that have not been
described previously in sarcoidosis pathology.

In a DIGE study investigating the soluble protecohéMs, we identified 25
proteins to be altered in sarcoidosis. When apglpathway analyses we found
the Fcgamma receptor-mediated phagocytosis pathaval/ the clathrin-
mediated endocytosis signaling pathway to be uplaégd in sarcoidosis. In
the complementary shotgun proteomics analyses,stigating the AM
membrane associated proteome, we found 80 praaéigred and accordingly
the same pathways were identified. These pathways @also up regulated in
sarcoidosis compared to healthy controls.

Sarcoidosis can be divided into Léfgren’s syndrceme non-Lofgren’s syndrome
patients, having different clinical phenotype antcome. Patients with Lofgren’s often
recover spontaneously within 2 years, whereas ridgren’'s usually having a

prolonged unresolved inflammation in the lungs. Whemparing these subgroups we
found:

Down-regulation of the oxidative phosphorylation thpeay from the
mitochondrial respiration system in non-Lofgrenlsut up-regulation in
Lofgren’s patients. This mitochondrial dysfunctioould lead to an imbalance
in the optimal AM function as APC in non-Lofgrersarcoidosis patients. In
addition, this mitochondrial dysfunction only obssdt in non-Lofgren’s
patients could partly be related to the unresoimidmmation and prolonged
disease course observed. Furthermore, this imbalanaxidative homeostasis
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could potentially be associated with the increasskl of development of
fibrosis observed in this sarcoidosis phenotype.

We observed in both studies on AMs that the exmmegsattern in Lofgren’s

patients was more homogeneous as compared to thietfigren. This could be

translated clinically as Lofgren’s syndrome is atidct phenotype presenting
with a typical acute onset, whereas non-Lofgrenaiepts is a more

heterogeneous group involving different clinical nifiestations and may
accordingly involve multiple mechanisms.

Searching for molecular markers we performed maitate analysis and found a set of
proteins in a model able to discriminate sarcogldsdm healthy. A subset of 13
putative biomarker proteins resulted in a highlgdictive model (Q2 = 0.72) with an
overall model p-value of 0.0009.

Three of these proteins are involved in endocyaodport; mitogen-activated
protein kinase scaffold protein 1, regulator comppeotein PDRO and ras
related protein Rab-7a. One of the proteins, theptement component 1 Q
subcomponent-binding protein, is involved in hadstiv interactions™®. The
rest of the 13 proteins are involved in DNA repalcohol metabolism, protein
folding and ribosomal activity.

Taken together, these studies have identified n@teips potentially involved in the
molecular mechanisms of sarcoidosis disease. Adiion in numerous proteomics
studies has been the inability to verify the biadafrelevance of the findings, which
may hamper the utility of the results. The similarbf the findings from the
complementary proteomics approaches presentedsrdigsertation may serve as a
confirmation of the biological relevance of ouruks.
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